The protocatechuate 4,5-dioxygenase (LigAB) from Sphingobium sp. strain SYK-6 is the defining member of the Type II extradiol dioxygenase superfamily (a.k.a. PCA Dioxygenase Superfamily or PCADSF) and plays a key aromatic ring-opening role in the metabolism of several lignin derived aromatic compounds. In our search for alternate substrates and inhibitors of LigAB, we discovered allosteric rate enhancement in the presence of non-substrate protocatechuate-like aldehydes such as vanillin. LigAB has the broadest substrate utilization profile of all protocatechuate (PCA) 4,5-dioxygenase described in the literature, however, the rate enhancement is only observed with PCA, with vanillin increasing k cat for LigAB by 36%. Computational docking has identified a potential site of allosteric binding near the entrance to the active site. Examination of a multiple sequence alignment reveals that many of the residues contributing to this newly identified allosteric pocket are highly conserved within the LigB family of the PCADSF. Point mutants of Phe103a and Ala18b, two residues located in the putative allosteric pocket, display altered rate enhancement as compared to LigAB-WT, providing support for the computationally identified allosteric binding site. Further investigation of this binding site may provide insight into the mechanism of this never before observed allosteric activation in extradiol dioxygenases.
Development of renewable alternatives for petroleum derived fuels and chemicals has become a research priority as part of efforts to diversify away from fossil fuels. Utilization of microbial enzymes for production of these chemicals from natural carbon sources is an attractive strategy due to the selectivity and catalytic proficiency they provide. One natural polymer of great interest is lignin, due in part to the potential for worldwide production of approximately 50 million tons per year with much of the material being an under-utilized commercial waste product [1] [2] [3] [4] [5] . Development of engineered microbial chemical production pathways for the efficient utilization of lignin is necessary to enable this under-utilized biomass to serve as a viable carbon source for chemical production. Depolymerization of lignin, the first step in unlocking the potential of this carbon source, leads to a diverse mixture of lignin derived aromatic compounds (LDACs 1 ) [6] [7] [8] [9] [10] , and enzymes capable of further metabolizing this myriad of small aromatic molecules need to be studied and optimized for application towards industrial scale chemical utilization of lignin as a biomass. LigAB, a protocatechuate 4,5-dioxygenase (PCAD) from Sphingobium sp. strain SYK-6 (formerly Sphingomonas paucimobilis SYK-6), is the defining member of the Protocatechuate Dioxygenase Superfamily (PCAD superfamily, a.k.a. the Type II extradiol dioxygenases -EDOs), and performs a central aromatic ring-opening reaction in the LDAC degradation pathway of this bacterium [11] [12] [13] [14] . Known for its natural propensity to turnover multiple in-pathway compounds [15] -protocatechuate (PCA), gallate (GA), and 3-O-methyl gallate (3OMG) -LigAB has also recently been shown capable of catalyzing the ring-opening of several additional off-pathway and non-natural substrates [16] . Additionally, our previous LigAB competitive inhibition studies identified several molecules capable of inhibiting PCA turnover [16] . Unexpectedly, however, these experiments also revealed several catechol derivatives that enhance LigAB's turnover (k cat ) when co-incubated with http://dx.doi.org/10.1016/j.abb.2014.12.019 0003-9861/Ó 2014 Elsevier Inc. All rights reserved.
PCA. While inhibition of dioxygenases by catechol derivatives has been widely reported in ring cleaving extradiol dioxygenases, no reference to activity (k cat ) enhancement in these systems could be found.
We report here the first evidence for the heteroallosteric activation of LigAB by vanillin, a metabolically linked small molecule effector. Since vanillin is the pre-pre-substrate of LigAB (Scheme 1), this enzyme activation is hypothesized to be the result of feed-forward activation (FFA) -a rarely reported phenomena, never before observed for an extradiol dioxygenase. Feed-forward activation (FFA) is a generally understood principle in biochemistry (being the inverse of feedback inhibition); however, examples of enzymes that are feed-forward activated by small molecules are rare in the literature. Only a handful of well-known examples exist -most of which are found in human central metabolism: phosphofructokinase-1 is enhanced homoallosterically through binding fructose-6-phosphate (F6P, substrate) [17] and also heteroallosterically through binding fructose-2,6-bisphosphate (a metabolite of F6P) [18, 19] , and glycogen synthase activity is enhanced by glucose-6-phosphate [20, 21] . In addition to demonstrating activation kinetics for LigAB, the X-ray crystal structure of LigAB (PDB 1B4U) was used to computationally determine the likely physiological allosteric effector (vanillin) binding pocket, and mutations of the LigAB Phe103a and Ala18b were performed in vitro to support the proposed site. Both of these mutants demonstrated altered activation profiles, providing support for the hypothetical allosteric binding pocket. These results provide unique insight into the inner workings of LigAB and drives speculation on what other unique features may be discovered by future examinations of PCADSF members.
Materials and methods
Commercially available reagents and solvents were purchased from Aldrich or Alfa Aesar and used without purification unless otherwise noted. 3-O-methyl gallate was purchased from ChromaDex. Bradford assays were conducted in 96-well plate format and absorption values recorded on a Molecular Devices SpectraMax M5 plate reader (Sunnyvale, CA). MAX Efficiency DH5a and One Shot BL21 Star chemically competent Escherichia coli cells were purchased from Life Technologies (Carlsbad, CA). QuikChange Lightening Site Directed Mutagenesis kit was purchased from Agilent (Santa Clara, CA). Centrifugation and ultracentrifugation were performed on a DuPont Instruments (Wilmington, DE) Sorvall RC-5B centrifuge and Beckman (Brea, CA) L7-80 Ultracentrifuge with type 60-Ti rotor, respectively. All cells were lysed using a SIMOAminco Industry Inc. (Rochester, NY) French Press.
Site directed mutagenesis. Site directed mutagenesis was performed as described in the protocol for the QuikChange Lightning Mutagenesis Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA) using pET-15b containing the LigA-LigB gene cluster subcloned into the NdeI and BamHI sites as a template. Primers for all mutagenesis reactions (Supplemental Table S1 ) were designed using the QuikChange Primer Design Tool provided by Agilent Technologies, and were synthesized by Life Technologies (Carlsbad, CA). Colonies of E. coli XL10-Gold or DH5a ultracompetent cells resulting from transformation of PCR reaction products were harvested and grown in 15 mL of LB-Amp media. Mutated plasmids were extracted from the cells using the QIAprep Spin Miniprep kit (Qiagen, Limburg, Netherlands). Extracted plasmids were submitted to the DNA Analysis Facility on Science Hill at Yale University (New Haven, CT) for sequencing confirmation of mutation incorporation.
Protein purification. All enzymes, LigAB-WT and mutants, were purified anaerobically as previously described via nickel affinity chromatography [16] . The His 6 -tag was subsequently removed anaerobically by thrombin cleavage of isolated enzyme samples of LigAB-WT, and the mutants F103V and F103L, also as previously described. A second sample of LigAB-WT purified by nickel affinity chromatography was stored without subsequent removal of the His 6 -tag to use for comparison of the kinetic constants to untagged LigAB-WT. All remaining mutants were purified anaerobically, and stored without removal of the His 6 -tag. All enzymes were flash frozen in liquid nitrogen, and stored at À80°C.
Steady-state kinetics. The rate of the enzymatic reaction was determined by measuring O 2 consumption using an O 2 -sensitive Clark-type electrode with computer integration via an Oxygraph electrode control unit (Hansatech, King's Lynn, Norfolk, England). Prior to each assay, the electrode was standardized with air saturated water and water depleted of O 2 by addition of sodium hydrosulfite as described by the manufacturer. Stock solutions and buffers were prepared fresh daily. Prior to each experiment, 100 lL of enzyme (60 lM) was thawed under a flow of N 2 and buffer exchanged into degassed 50 mM Tris (pH 7.5) containing 1:9 tbutanol/H 2 O using a 3 mL Sephadex G-25 desalting gel (GE Healthcare) column in a glove-bag flushed with high purity N 2 for 1 h.
Exchanged enzyme (3-7 lM) was removed from the glove-bag in a rubber septum-sealed vial containing an inert atmosphere (N 2 ) and stored on ice for the duration of each experiment. Enzyme aliquots used to initiate assays were removed from the vial using a gas-tight syringe, previously purged with N 2 , immediately prior to injection into the assay mixture.
Steady-state kinetic parameters for LigAB (with and without His 6 -tag) and all mutants with respect to the organic substrate were determined by measuring the rate of O 2 consumption in the presence of varying concentrations of organic substrate
(1 lM to 5000 lM). An aqueous stock solution (25 mM) of the desired organic substrate (PCA, GA, or 3OMG) was prepared immediately prior to use in a 10 mL volumetric flask. Stock solutions of 3OMG (25 mM) were prepared in 1:9 DMSO/H 2 O. The initial rate assays were performed in air-saturated 50 mM Tris (pH 7.5) and initiated by the addition of 1-2 lL of enzyme (3-7 nM). Reaction velocities were calculated from the slope of the first 30 s of data after enzyme addition and corrected for background O 2 consumption using 30 s of data immediately prior to enzyme addition, as previously described [16] .
Steady-state kinetic parameters with respect to O 2 were measured in 50 mM Tris (pH 7.5), 1 mM PCA, and 40-450 lM O 2 and initiated by the addition of enzyme (3-7 nM). The buffer was equilibrated prior to each reaction with a fixed mixture of O 2 and N 2 gas using a Cole-Parmer gas proportioner (Vernon Hills, IL), and the reaction chamber was maintained under an atmosphere of the same O 2 /N 2 mixture. The precise enzyme concentration for each experiment was determined by Bradford assay (Bio-Rad) after completion. Kinetic parameters for all steady-state data were determined by a least-squares fitting to either the Michaelis-Menten equation (Eq. (1)) or the Haldane equation for substrate inhibition (Eq. (2)) [22] to the data using KaleidaGraph (Synergy).
Activity enhancement assays. Initial detections of activity (rate) enhancement were performed as competition studies of the nonsubstrates (vanillin, PCA aldehyde, and methyl-3,4-dihydroxy benzoate, amongst others) in the presence of LigAB's natural substrate, PCA. The concentrations of PCA (500 lM) and non-substrate (1000 lM) were fixed for all reactions. Kinetic values were determined by measuring the initial rate of LigAB-WT O 2 consumption with the non-substrate and PCA pre-mixed in 50 mM Tris buffer (pH 7.5, 25°C). The reaction was initiated by the addition of enzyme (3-7 nM). A baseline, corresponding to 100% of the native (un-stimulated) LigAB-WT catalysis rate (m o ) of PCA, was obtained at 500 lM PCA in the absence of non-substrate. The percent increase in reaction rate over m o was calculated for each nonsubstrate.
To determine the effect of vanillin on the steady-state kinetic parameters of LigAB-WT dioxygenation of PCA, the rate of O 2 consumption was measured at varying concentrations of PCA (10-5000 lM) in the absence of vanillin, and again in the presence of vanillin (5000 lM) immediately before or after. All reactions were initiated by addition of enzyme, and each set of kinetics for the dioxygenation of PCA (both with and without vanillin) were obtained using the same thawed and desalted enzyme preparation. An aqueous stock solution of PCA (25 mM) was prepared immediately prior to use in a 10 mL volumetric flask. The initial rate assays were performed in air-saturated 50 mM Tris (pH 7.5) and initiated by the addition of 1 lL of LigAB-WT (3-7 nM). Reaction initial velocities were calculated from the slope of the first 30 s of data after enzyme addition and corrected for background O 2 consumption using 30 s of data immediately prior to enzyme addition, as previously described. These data (each set consisting of both LigAB-WTÁPCA, and LigAB-WTÁPCAÁVanillin) were collected in quadruplicate using a newly thawed and desalted preparation of anaerobic enzyme for each replicate. The precise protein concentration for each set of kinetics data was determined after completion of all kinetic experiments. The kinetic parameters were determined from a least-squares fitting of the Haldane equation (Eq. (2)) to the data using KaleidaGraph (Synergy). Due to slight variability in activity for each enzyme preparation, each data set was separately normalized to the V max value determined for LigABÁPCA for that given replicate.
The activity (k cat ) enhancement effects imparted by vanillin were further investigated for LigAB-WT and each of the LigAB Phe103a and Ala 18b mutants. First, the steady-state kinetics of each mutant was determined for dioxygenation of PCA, and second, the influence of vanillin on catalysis was measured in methods analogous to those above. For the analysis of the impact of vanillin on catalysis, the concentration of PCA for each mutant enzyme was set at 10Â K m up to a concentration of 5 mM (5 mM was the maximal concentration used due to solubility limitations).
The concentration of vanillin was varied from 10 lM to 5000 lM. Scheme 1. Abridged lignin derived aromatic compound metabolic pathway from Sphingobium sp. SYK-6 demonstrating the connection between vanillin (orange, boxed), protocatechuic acid (PCA, red), and LigAB (bold) adapted from Masai et al. [78] . Enzyme abbreviations: DesA, syringate O-demethylase; DesZ, 3OMG 3,4-dioxygenase; DesB, gallate 3,4-dioxygenase; LigAB, protocatechuic acid 4,5-dioxygenase; LigC, 4-carboxy-2-hydroxymuconate-6-semialdehyde (CHMS) dehydrogenase; LigI, 2H-pyran-2-one-4,6-dicarboxylate (PDC) hydrolase; LigJ, 4-oxalomesaconate (OMA) hydratase; LigK, 4-carboxy-4-hydroxy-2-oxoadipate (CHA) aldolase/oxaloacetate decarboxylase; LigM, vanillin/3-O-methylgallate (3OMG) O-demethylase; LigV, vanillin dehydrogenase. Other abbreviations: CHMOD, 2-hydroxy-6-methoxy-6-oxohexa-2,4-dienoate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The organic substrate and vanillin were pre-mixed in 50 mM Tris (pH 7.5, 25°C), and the reaction was initiated by the addition of enzyme (3-7 nM). Additionally, a baseline corresponding to 100% of the native (un-stimulated) enzyme catalysis rate (m o ) was obtained at 10Â K m or 5 mM organic substrate in the absence of vanillin. The percent increase/decrease in reaction rate over m o was calculated at each concentration of vanillin, and kinetic parameters were determined by a least-squares fitting of the data to the Michaelis-Menten equation modified to describe noncompetitive inhibition and allosteric activation (Eq. (3)) [23] . In this equation, k cat1 is the turnover number in the absence of activator and k cat2 is the turnover number in the presence of activator. Eq. (3) was subsequently modified by a substitution to reflect the percent change in turnover rate from baseline assays containing no activator (% base = 100%) to assays in the presence of activator (% act ) (Eq. (4)). In addition to the ultimate fractional percent enhancement of activity (% act ), this allows determination of the equilibrium constant for binding of the activator (K act ) to LigAB.
Product identification. The production of 4-carboxy-2-hydroxymuconate-6-semialdehyde (CHMS) by the dioxygenation of PCA was monitored by observing changes in the UV-Vis spectrum in methods analogous to those used previously in our lab [16] . In brief, we monitored the absorbance between 200 and 600 nm in order to observe the disappearance of the peaks at 254 and 297 nm (corresponding to PCA) and the appearance of a peak at 410 nm (corresponding to CHMS).
Substrate induced enzyme inactivation. To evaluate the effect of vanillin on LigAB stability, the rates of enzyme inactivation (j app inact ) during PCA turnover both with and without vanillin present were calculated using methods previously described for mechanismbased inactivation of dioxygenases [24, 25] . The rate constant of inactivation at a given substrate concentration (j s ) was determined from a fitting of Eq. (5) in KaleidaGraph to the curvature of O 2 consumption progress curves performed in air-saturated buffer during catalytic turnover of varying PCA concentrations (10-5000 lM) in the absence or presence of vanillin (5000 lM) using anaerobically purified LigAB [24, 25] . In this equation, P t is the concentration of product formed at time t, P 1 is the concentration of product formed at reaction completion, and P i is the concentration of the product at the start of the reaction.
The apparent rate enzyme of inactivation (j app inact ) in the presence or absence of vanillin during PCA turnover was subsequently determined as the average of the j s values measured at or above 200 lM PCA.
Computational docking. The structure of protocatechuate 4,5-dioxygenase (PDB 1B4U, 2.20 Å) was used as the template for docking experiments. pKa values for all Asp, Glu, His, Arg, Lys, Ser, and Tyr were calculated using the PROPKA web interface. Hydrogen atoms were added and the protonation states of the active site Histidine residues were assigned using the add H feature of the UCSF Chimera package. Water molecules were removed from the structure and the coordinates of chains C and D were subsequently saved to a separate file. MGL Tools (v1.5.6) was used to merge non-polar hydrogens, add Gasteiger charges, and assign AutoDock4 atom types to prepare the protein for docking. Protocatechuate crystallographically bound within the active-site of LigAB was not removed in order to preclude this site from docking results.
The active-site iron was manually assigned a 2+ charge in the AutoDock PDBQT file. The vanillin ligand was built using Avogadro (v1.1.1): an open-source molecule building and visualization tool. Atomic charges were assigned to vanillin using AutoDock Tools.
Initial docking experiments were conducted using AutoDock Vina v1.1.2. Docking was performed in a search grid of 40 (x) by 35 (y) by 40 (z) with a step spacing of 1 Å centered near the crystal structure coordinates of the active-site non-heme iron (x = 62.258, y = 43.574, z = 47.368). The search space was designed to exclude the interface at which the A-B and C-D chains meet (the dimerdimer interface) as well as the end of the b subunit (chain D) furthest away from the a subunit (chain C). Each Vina docking calculation generated 20 docked conformations and was repeated 10-fold to generate a total of 200 docked conformations.
More intensive docking experiments were conducted using AutoDock v4.2 (AD4) and were performed on the Wesleyan University Swallowtail compute cluster. The docking search parameters generated 200 docked conformations using a genetic algorithm with a population size of 150 individuals, a maximum generation number of 2.7 Â 10 4 , and 2.5 Â 10 6 energy evaluations with all other parameters left at their default values. Docking was performed in a search grid of 100 (x) by 90 (y) by 100 (z) with a step spacing of 0.375 Å centered as described above for the Vina calculations. The results from both calculations (Vina and AD4) were clustered separately by binding site conformation and binding energy. In addition to this shotgun docking approach to determine possible binding sites for vanillin, docking of the substrates PCA, GA, and 3OMG to the active sites of LigAB-WT and LigAB with computationally mutated Phe103a (F103H, F103L, F103T, and F103L) was conducted, also using AD4. Crystallographically bound PCA was removed from the active site. In all cases, the 103a residue was left to be flexible during the docking. These dockings were performed in a search grid of 40 (x) by 40 (y) by 40 (z) with a step spacing of 0.375 Å, and centered near the crystal structure coordinates of the active-site non-heme iron (x = 55.198, y = 44.339, z = 47.175). The docking search parameters generated 25 docked conformations for PCA, and GA and 200 docked conformations for 3OMG using a genetic algorithm as described earlier. Two hundred, as opposed to 25, conformations were generated for 3OMG due to an absence of what is believed to be the physiological conformation of binding in the initial generation of 25 docked conformations.
Using a physiologically relevant docked conformation of each substrate onto each enzyme, vanillin was subsequently docked onto the identified allosteric binding site. The 103a residue was again left as flexible. These dockings were performed in a search grid containing the allosteric site and the 103a residue of 32 (x) by 40 (y) by 30 (z) with a step spacing of 0.375 Å, and centered at x = 57.612, y = 39.147, z = 45.690. The docking search parameters generated 50 docked conformations for vanillin using a genetic algorithm as described earlier.
Sequence alignment. Homologs of the Sphingobium sp. strain SYK-6 LigB protein were retrieved through sequence profile-based and Hidden Markov Model (HMM) profile-based iterative searching performed using the PSI-BLAST [26] and JACKHMMER web utilities (http://hmmer.janelia.org/search/jackhmmer), respectively. Queries were run against the non-redundant (nr) protein database of the National Center for Biotechnology Information (NCBI), beginning with the Sphingobium LigB sequence as the initial seed for the searches, with additional seeds selected from the results and queried in turn to retrieve sequence homologs from families outside of the PCAD LigB family. For the sequence-based homology searches, a cut-off e-value of 0.01 was used to assess significance. In each iteration, newly detected sequences included within the cut-off were evaluated via initiation of a new search with the sequence in question as the query to guard against inclusion of false positives; searches were continued with the same e-value threshold only if the profile remained uncorrupted without false positives. Postulated relationships recovered using iterative searches were further confirmed with other aids such as concordance of predicted or known secondary structural elements.
Sequence-based homology clustering to identify individual PCAD families was performed on all sequences retrieved above using the BLASTCLUST program (http://ftp.ncbi.nih.gov/blast/ documents/blastclust.html), using empirically-determined length and score threshold cut-off values. Multiple sequence alignments were constructed using the MUSCLE [27] and Kalign [28] alignment programs, followed by manual adjustment informed by sequence-based homology search results and experimentallydetermined structures. In families lacking solved threedimensional structures, secondary structure predictions were performed on multiple sequence alignments with the JPred program [29] . Consensus for individual and combined family alignments was performed on each column in all alignments, testing for absolute residue conservation and conservation of shared biochemical properties.
Measurement of LigAB fluorescence spectra. The steady state intrinsic protein fluorescence spectra were measured using 1 lM LigAB-WT or A18W either alone or in combination with 100 lM PCA and/or 100 lM vanillin in 100 mM Tris buffer (pH 7.5, 25°C) in quartz cuvettes of 200 lL final volume. Emission spectra were obtained between 310 and 450 nm using a Horiba SPEX Fluoromax-4 spectrofluorometer (Edison, NJ) with an excitation of 340 nm with slits of 2 and 4 nm band-pass for excitation and emission, respectively, with the polarizers off. Spectra for each condition were obtained from an average of six replicates; averaging for each data set was performed after spectral correction for background, buffer and PCA and/or vanillin contributions. Spectral analyses were performed with Grams AI ver. 8 (Thermo Electron Corp.). Calculation of the solvent accessible surface area (SASA). Calculation of the SASA for all LigAB aromatic residues in its various ligation forms was determined using the Shrake-Rupley algorithm (using the 1B4U pdb file and the vanillin docked structure) [30] . Briefly, a 1.4 Å probe radius (approximate radius of water molecule) was employed to scan a spherical mesh composed of 500 equidistant points positioned beyond the van der Waals radius of each atom. Only those points that did not overlap with another atoms mesh, given the probe radius, were included in the SASA calculation. Only a single dimer (chains C and D) of the LigAB tetramer complex was included in the calculations.
Results and discussion
Identification of molecules which can act as substrates or inhibitors of ring-cleaving dioxygenases (intradiol and extradiol) is well documented in the literature [25, . From these studies it is clear that ring-cleaving dioxygenases, in general, have expansive substrate utilization profiles often being able to use 5 or more compounds as substrates in their respective dioxygenation reactions. Furthermore, two classes of inhibitors are described, those that function as chelators and oxidants that completely abolish dioxygenase activity by altering the nature of the iron cofactor [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , and organic substrate analogs which compete for binding to the active site [43, 56] . In our previous work characterizing LigAB, we identified numerous substrates and inhibitors (Supplemental Table S2 ). Here we describe how those studies lead us toward identification of molecules that are activators of LigAB as well as investigation of the impact of mutagenesis on the activation profile for vanillin.
Allosteric activation of LigAB. Based upon our work and the investigations of other dioxygenases, one would expect that methyl-3, 4-dihydroxybenzoate (MDHB), 3,4-dihydroxybenzaldehyde (PCAld), and vanillin might act as inhibitors of LigAB due to their structural similarities to PCA (Fig. 1) ; however, none of these molecules is turned over in the presence of LigAB, nor inhibits LigAB's catalytic activity [16] . Interestingly, however, at a concentration of 1 mM all stimulate an 11-28% increase in the LigAB-WT rate (k cat ) of PCA (500 lM) dioxygenation (Supplemental Table S2 ). The identification of small molecule allosteric activators for an EDO is interesting and raises mechanistic questions about the differences of LigAB from other previously described dioxygenases.
Vanillin, the compound that causes the most pronounced rate enhancement (28% at 1 mM), is part of the Sphingobium sp. SYK-6 LDAC degradation pathway and is the pre-pre-substrate of LigAB (Scheme 1). This suggests that a heteroallosteric feed-forward activation (FFA) mechanism may be at work in this pathway. Enzymes that are subject to allosteric activation described in the literature can have rate enhancements from 11% [57] ranging to systems that absolutely require the activator to have any activity [58] . The phenomena of allosteric activation by a metabolic precursor has not been previously reported for a non-heme iron intradiol or extradiol dioxygenase of any type (Type I, II or III), and rate enhancement by small molecule effectors of any kind has been reported in only two instances for dioxygenases in general. In mammalian cysteine dioxygenase, covalent modification of the enzyme by cysteine (the substrate) produces a non-allosteric activation which then effects an 11 -fold rate enhancement, but is not strictly required for activity [59] . In human indoleamine dioxygenase (IDO), activity (V max ) is enhanced through binding of synthetic indole derivatives to an auxiliary binding pocket near the active site, leading to a 35-60% rate enhancement (depending upon the pH and effector molecule) [60] [61] [62] [63] [64] . Those studies suggested the existence of an auxiliary binding site for IDO allosteric effectors which was recently identified by computational docking studies using the IDO crystal structure [65] . While these two examples of activation of dioxygenases are both for mammalian enzymes, allosteric activation of non-dioxygenase bacterial enzymes has been previously reported in the literature, as exemplified by the E. coli fructose-1,6-bisphosphatase which is subject to FFA by phosphoenolpyruvate [66] .
Despite limited examples of allosteric dioxygenase activation, transcriptional activation of metabolic pathways in response to the presence of small aromatic molecules is well documented. Examples of transcriptional activators of LDAC degradation that are sensitive to small molecules include LigR from Sphingobium sp. SYK-6 [67] and PcaV from Streptomyces coelicolor [68] . Both proteins regulate genes encoding enzymes directly responsible for the degradation of LDACs (the b-ketoadipate pathway), and are activated by the presence of PCA. Evolutionarily, expression of these enzymes while only in the presence of LDAC compounds would reduce unnecessary energy expenditure by the bacterium and optimize carbon source utilization. In much the same way, we hypothesize that under high concentrations of vanillin in the cytoplasm, the activity (k cat ) of LigAB would be up-regulated. While intracellular concentrations of vanillin (or other LDACs) are never reported in the literature, ample literature describes the amount of vanillin that can be isolated from pulping waste (reported yields of 2.6 g of 
K.P. Barry et al. / Archives of Biochemistry and Biophysics 567 (2015) 35-45
vanillin from each liter of pulping sulfate liquor) [69, 70] which is the environmental origin for the bacteria Sphingobium sp. SYK-6 from which LigAB is encoded. This mass of isolated vanillin corresponds to a concentration of 17 mM in the pulping waste, suggesting that high micromolar and even millimolar cytoplasmic concentrations of vanillin might be physiologically possible. Additionally, transcriptionally activated LDAC degradation by LigR was demonstrated using 10 mM concentrations of either PCA or gallate [67] . Furthermore, whole cell studies on Comamonas testosteroni strain BR6020 grown on various LDACs showed that when media was supplemented with vanillin at concentrations up to 12 mM, no aromatic compounds could be detected in the medium when cultures reached mid-to late-log-phase, suggesting the active uptake of LDAC compounds. In these cultures, when C. testosteroni was grown in vanillin containing media and subsequently exposed to PCA, significant increases in oxygen consumption were observed suggesting that PCA and vanillin are acting synergistically to promote LDAC degradation [71] . Curiously, despite the structural similarities between PCA and vanillin and these previous biological studies, the literature provided no papers describing the impact of vanillin on a LDAC dioxygenase. While other enzymes are needed to enable conversion of vanillin into a central metabolite, the in vivo data above support our assertion that the sensitivity of LigAB to vanillin could enhance metabolic flux thereby maximizing carbon source utilization, and we sought to be the first to describe the in vitro relationship of vanillin to a dioxygenase. Due to this physiological connection between LigAB and vanillin, our allosteric activation studies focused on vanillin to the exclusion of our other discovered activators. Varying vanillin concentration subsequently revealed a concentration dependence to the rate enhancement that can be fit to Eq. (4) [23] (Fig. 2) , and results in a maximum rate (k cat ) enhancement of 36 ± 3% and a K act for vanillin of 1.1 ± 0.3 mM (Table 1) . Additional experiments were then performed by varying the concentration of PCA (10-5000 lM) in the presence of a constant vanillin concentration (5000 lM) to allow for comparison to initial rates of LigAB-WT in the absence of vanillin (Fig. 3) . While the observation was at first unexpected, as it had not been previously reported for ring-cleaving dioxygenases, these simple experiments demonstrated a consistently observed rate enhancement for LigAB in the presence of vanillin. Examination of Fig. 3 clearly demonstrates that vanillin is a V-type allosteric activator, consistent with the values reported in Table 2 , and by increasing the rates at concentrations of PCA greater than 100 lM it results in the simultaneous increase in the K m of LigAB for PCA. To ensure that we were observing the conversion of PCA to CHMS, we also examined the UV-Vis spectra for the reaction in the presence and absence of vanillin, and saw spectral changes that were consistent with PCA dioxygenation (data not shown) [16] . The rate enhancement is significant and reproducible, and extrapolates to an effective enhancement of k cat to nearly 230 s À1 versus the unenhanced rate of 180 s À1 [16] . Additionally, due to the ability of LigAB to utilize gallate (GA) and 3-O-methyl gallate (3OMG), we tested for activation with both of these alternate substrates. Little if any change in initial rates for oxygen utilization were observed (Supplemental Fig. S1 ). This is consistent with the premise that vanillin is acting as a feed forward activator of LigAB, because vanillin is metabolically upstream of PCA, but not upstream of GA or 3OMG.
Assessment of vanillin's impact on LigAB stability. Wondering if the observed activation by vanillin resulted from increased structural stability of the LigAB-WT protein complex through either (1) enhancing a/b subunit complex formation (preventing dissociation of the active enzyme complex) or (2) by restricting the generation of reactive oxygen species in the absence of bound organic substrate, the concentration dependence of enzyme inactivation (j s ) during PCA turnover was calculated in the presence and absence of vanillin. Both with and without vanillin present, LigAB-WT shows increasing rates of inactivation at low (6100 lM) PCA concentrations and a plateau in the rate of inactivation at higher (P200 lM) concentrations of PCA (Supplemental (Table 2) ; yielding a LigAB-WT inactivation rate of 1.0 ± 0.1 Â 10 À2 s À1 in absence of vanillin and 1.2 ± 0.2 Â 10 À2 s À1 in the presence of vanillin ( Table 2 ). The nearly identical j app inact values, where inactivation rate is slightly greater in the presence of vanillin, support our proposal that vanillin is acting as an allosteric effector of rate rather than increasing enzyme stability.
With the previously observed gene regulatory activation of LigAB by PCA, and knowing that LigAB is naturally promiscuous, we could envision two scenarios for the newly observed LigAB rate enhancement in the presence of vanillin: (1) vanillin enhances the turnover rate of all acceptable substrates, or (2) rate enhancement by vanillin is specific to PCA. To investigate this, GA and 3OMG, LigAB's other in-pathway natural but ''lesser'' substrates, were analyzed for rate enhancement in the presence of vanillin via the same assay which revealed the first observations of rate enhancement by vanillin. Under these conditions, no enhancement or inhibition (considered to be greater 5% change in rate) was observed, suggesting that the allosteric rate enhancement induced by vanillin binding is substrate specific (Supplemental Fig. S3 ). This observation is consistent with the activation being a regulatory feed-forward mechanism, since from the perspective of evolutionary selection for increased pathway flux, only the enhancement of PCA catabolism would lead to alteration of the concentration of vanillin in the environment (Fig. 1) . Identification of a putative allosteric binding site in LigAB. In order to determine a potential vanillin binding site, computational docking of vanillin onto the C (alpha) and D (beta) chains of the LigAB crystal structure (PDB 1B4U) was performed using a shotgun approach similar to that used to determine the indoleamine derivative allosteric binding site for IDO as mentioned earlier [65] . The docked conformations, from a search centered near the active site, identified several potential binding sites; however, one binding pocket located near the entrance to the active site was occupied by 67% of all conformations generated by AD4 calculations (Fig. 4) and by 86% of all conformations generated using Vina. Closer examination of the proposed allosteric binding pocket shows that residues Phe103a, His12b, and His127b are shared in common with the active site, and therefore may be involved in activating LigAB (Fig. 5) . Additionally, several docked conformations of vanillin show backbone contacts with secondary sphere active site residues. Of these residues, Glu86b is directly involved in a hydrogen bond network through the carboxylate with Nd of His127b, believed to be the catalytic base that performs the initial substrate deprotonation [72] . The His127b methylene also contributes a small fraction to the identified allosteric binding pocket. Examination of the multiple sequence alignment of the LigB family (Supplemental Fig. S4 ) revealed strong consensus conservation (typically exceeding 85%) of the biochemical properties of residues in and around the allosteric binding pocket of the LigB family. Inspection of this same region in other families of the PCADSF revealed striking family-specific sequence and structure conservation apparent even in the MhpB and HpaD families, two of the most closelyrelated families to LigB (Supplemental Fig. S4 ). Through this comparison, two discrete stretches of residues displaying familyspecific conservation were identified, both of which form small, insert-like extensions embedded within the core scaffold of the PCADSF domain: (1) residue positions 15-30 and (2) residue positions 80-96 when mapped to the Sphingomonas 1B4U structure. Taken together, these observations suggest that the indented pocket identified in this study is conserved as a general feature across the PCADSF which, through family-specific sequence/structure diversification, could specifically mediate allosteric activation in other PCADSF families.
Examination of this pocket also revealed close contact between two of LigAB's tryptophan residues (Trp30 and Trp88) with docked vanillin. Examination of the binding location for all other docked vanillin residues (regions within 5 Å of all non-green vanillin residues displayed in Fig. 4 ) revealed that none of the other binding sites had any nearby tryptophan residues. We therefore hypothesized that if vanillin binds to the above mentioned binding site that we might see a blue shift in the equilibrium intrinsic Trp fluorescence of the protein associated with the displacement of waters associated with Trp30 or Trp88. Fluorescence spectra were then obtained for (1) apo LigAB (with Fe but no organic substrates), (2) LigABÁPCA, (3) LigABÁvanillin, and (4) LigABÁPCAÁvanillin (Fig. 6) . Both PCA and vanillin give rise to a blue shift in the fluorescence when compared to the unliganded enzyme (the k max for LigABÁFe is 334 nm, while LigABÁPCA and LigABÁvanillin have k max of 329 nm), and when both ligands are present an even larger blue shift is observed (k max for LigAB ÁPCAÁvanillin is 327 nm). To further support that we are observing a change in the solvation of Trp30 and/or Trp88, we assessed the solvent accessibility of each of the Trp residues of LigAB based upon the crystal structures (PDB 1B4U for the LigABÁPCA and our docking results for the LigABÁPCAÁvanillin complex). We observed that Trp88 was calculated to have the most significant decrease in solvent accessibility upon binding of vanillin to the LigABÁPCA complex (corresponding to a decrease in the SASA of 4.0 Å 2 ). The magnitude of the blue shift All data were collected in air-saturated buffer (250-275 lM O 2 , pH 7.5, 25°C). The initial rates from each data set (denoted by shape) were subsequently normalized to the V max determined for LigAB with PCA for that replicate, and subsequently fit to Eq. (2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 2 Steady-state kinetic parameters for LigAB-WT in the absence or presence of the allosteric effector vanillin. observed is consistent with a slight decrease in SASA, providing additional support for the location of the predicted allosteric binding site. Impact of mutants on allosteric activation of PCA dioxygenation. Based upon the studies described above we proceeded to look more closely at the residues at the interface of the allosteric pocket and the active site. As mentioned above, residues Phe103a, His12b, and His127b are shared in common with the allosteric pocket and the active site. Since we hypothesized that mutation of His12b and His127b would likely severely impact catalysis through their proposed roles in metal coordination and acid/base-catalysis, respectively, we decided to mutate Phe103a to examine its role in the FFA mechanism. Phe103a was mutated to a series of residues with varying size and polarity: alanine (F103A), serine (F103S), threonine (F103T), valine (F103V), leucine (F103L), and histidine (F103H). While all mutations were successfully generated and expressed, co-purification of the a and b subunits via nickel affinity chromatography, as is performed for LigAB-WT [16] , was found to be effective for the purification of all mutants except the alanine and serine mutants. In both of these cases, the a subunit containing both the mutation and the 6-His tag remained bound to the nickel affinity column matrix as expected, but the untagged b subunit flowed freely from the column with the rest of the supernatant. This suggests that the a/b dimer interface of LigAB is sensitive to structural changes in this residue position -requiring a larger and more non-polar residue.
In addition to the mutation of Phe103a, we additionally mutated Ala18b, which is at the opening of the putative allosteric pocket. We hypothesized that vanillin binding would be diminished or slowed in this mutant if we had correctly identified the location of the allosteric pocket, but since it is located over 10 Å from the closest portion of PCA that it would not directly impact catalysis. Steady-state kinetic parameters for PCA dioxygenation were determined for each of the isolatable mutants described above (Table 3 ; Fig. 7) . Unsurprisingly, all mutants showed modestly diminished catalytic efficiency (k cat /K m ) as compared to wild-type enzyme, consistent with other studies on the mutagenesis of non-catalytic residues in dioxygenases [73, 74] ; however, all of the mutant enzymes were able to maintain k cat /K m values in excess of 10 4 M À1 s À1 . The oxygen K m for the mutants were largely unchanged (data not shown), however for F103V it was observed to be smaller than LigAB-WT (94 ± 8 lM vs. 162 ± 16 lM) [16] .
Vanillin activation with PCA was also investigated for each of the mutants. Of the mutants examined, only the F103V and A18W mutants exhibited any vanillin induced catalytic rate enhancement of PCA turnover, as observed with LigAB-WT (Table 1; Fig. 2 ). The allosteric activation for F103V is 19%, possibly indicating that the valine mutant maintains some of the ability to transmit the activation signal from the allosteric pocket to the active site. Interestingly, the A18W mutant, has a maximal activation of 30%, which is nearly the same as that of LigAB-WT. From examination of the activation data ( Fig. 2 and Table 1 ) you can see that while the fit predicts almost wild-type activation of LigAB, the K act is at a noticeably higher concentration: consistent with our hypothesis that this mutant would impede the binding of vanillin by partially closing off the opening to the allosteric pocket. The remaining three mutants showed either no change in rate compared with LigAB-WT (F103L) or show diminished turnover of PCA in the presence of vanillin (F103H and F103T) . Like the observed rate enhancements for LigAB-WT, F103V and A18W, the inhibition observed with F103H could be fit using Eq. (4), suggesting a non-competitive inhibition mechanism with a maximum fractional inhibition by vanillin of 23 ± 18% ( Table 1 ). The inhibition observed with F103T, however, is instead linear with respect to vanillin concentration under the observed conditions suggesting that either saturating concentrations of vanillin were not reached such that the concave shape of the inhibition curve could be observed or that non-competitive inhibition may not adequately describe the mechanism of the rate decrease. We posit that the diminishment of activation (or appearance of non-competitive inhibition) observed for these mutants provides support for our assignment of the location of the allosteric binding pocket. Further mutagenesis of the proposed pocket could provide additional validation of the location of vanillin binding, while mechanistic studies of LigAB with and without vanillin could help reveal the mechanism by which this activation occurs.
Furthermore, upon seeing that the activation of the A18W mutant was diminished, but that catalysis was virtually unchanged, we proceeded to assess the intrinsic fluorescence to allow comparison with LigAB-WT. In most of the conditions tested the fluorescence of the iron bound enzymes, and the enzyme complexes with either PCA or Vanillin bound were effectively identical for A18W as compared to LigAB-WT ( Supplemental Fig. S5) ; however, we observed that the blue shift associated with forming the activated complex (LigABÁPCAÁvanillin) was less for the mutant than for wild-type (k max values of 327 and 330 nm for LigABÁPCAÁvanillin and A18WÁPCAÁvanillin, respectively; Fig. 8 ). This suggested to us that perhaps the presence of a large residue at the opening of our proposed allosteric site was preventing formation of the fully liganded LigABÁPCAÁvanillin complex. While the difference in blue shift is small, we feel that this provides additional evidence for the case that we have identified the allosteric binding pocket.
Conclusions
We have reported here the first example of allosteric activation by a metabolic precursor identified in an intra-or extradiol dioxygenase of any type. While feed-forward activation is a well-known phenomenon in human metabolism, it is rarely reported in bacterial enzyme systems.
Although not yet observed in any other members of the PCADSF, the probability exists that closely related PCAD superfamily members such as DesB from Sphingobium sp. SYK-6 [75, 76] , PCA 4,5-dioxygenase from Comamonas testosteroni Pt-L5 [52] , gallate 3,4-dioxygenase from Pseudomonas putida [42] , and PmdB from Comamonas sp. E6 [77] may display similar feed-forward activation behavior due to their evolutionary relationship to LigAB. The Phe103a and Ala18b mutants provide support for the location we propose for the allosteric binding pocket. This pocket is located adjacent to the active site, however, the mechanism by which this activation occurs is still largely unknown. Additionally, we have demonstrated that Phe103a is a critical residue for LigAB; its location at the interface of LigA with LigB provides important hydrophobic interactions enabling the two proteins to be co-purified, and by being located between the allosteric pocket and the active site it influences enzyme activation. Detailed mechanistic studies of the activation of LigAB-WT and mutant enzymes are likely to reveal important insights into the mechanistic modes responsible for controlling the allosterism of this enzyme. The identification of allosteric activation of an extradiol dioxygenase involved in the catabolism of lignin might suggest that the enzymes of this pathway are responsive to changes in environmental concentration of LDAC molecules, and further investigations of this hypothesis are warranted.
